SUMMARY
The seasonal distribution of Caulobacter spp. has been determined in the water column of two mesotrophic lakes using most probable number (MPN) viable counting techniques from April, 1972 to March, 1973 . Concentrations in Lake Washington, a monomictic lake, peaked at 1000-3300 per ml in the epilimnion during the late spring and summer and reached lows in October of less than 2 per ml prior to fall turnover. The reason for the decrease in viable numbers is not known. Caulobacter spp. began to increase gradually in December, during the winter mixing period well before the spring bloom. Concentrations in Hall Lake, a small kettle lake, were somewhat higher than in Lake Washington, ranging from 0.27 per ml in October to over 5000 per ml during May. In contrast to Lake Washington, the highest populations were found in the metalimnion and upper hypolimnion of Hall Lake. Caulobacter spp. were also found in the anaerobic depths of the hypolimnion. However, these did not grow anaerobically, suggesting that they had settled into the hypolimnion and survived in the cold anaerobic zone. The populations of Caulobacter spp. reached maximum numbers at the approximate times and depths at which algal biomass would be expected to be greatest.
INTRODUCTION
The caulobacters, comprising the genera Caulobacter, Asticcacaulis, and Prosthecobacter, have long been recognized as aquatic bacteria. Henrici and Johnson [1] were the first to report their significance as part of the periphytic microflora of temperate zone lakes in North America, where they found them attached to glass slides submerged in the water column. Subsequent studies of the plankton of lakes of the Volga-Don system in Russia indicated that midsummer populations of caulobacters could exceed 1000 per ml in surface waters [2] . Comparable concentrations of caulobacters were found in a eutrophic river in rthe United States [3] .
Concentrations of viable prosthecate bacteria were determined in the epilimnion of Australian lakes and ponds of various trophic states [4] . The highest concentrations of Caulobacter spp., normally the predominant genus of caulobacters in freshwater habitats, were found in the mesotrophic lake studied, where their viable numbers exceeded 1000 per ml. Also the proportion of Caulobacter spp. to total cultivable heterotrophic bacteria was greatest in this lake ranging from 35 to 38%. Lower proportions of Caulobacter spp. to viable heterotrophs (i.e., 5-10%) and lower concentrations (5-23 per ml) were found in the oligotrophic lakes. In contrast, in the eutrophic ponds and lakes included in that study, caulobacters comprised less than 1% of the viable count. Thus, Caulobacter spp. appear to be important heterotrophs of the surface waters of oligotrophic and mesotrophic freshwater habitats during the summer months.
This investigation was undertaken to assess the spatial and seasonal distribution of caulobacters in temperate zone lakes. Because of the reports of high concentrations of caulobacters in mesotrophic lakes, two such lakes were chosen for the study.
MATERIALS AND METHODS

Study lakes
Hall Lake is a small kettle lake (3.1 ha in surface area) located immediately west of Interstate 5 in south Snohomish County, approximately 15 miles north of the center of Seattle, Washington (47°49'N; 122°18.5'W). It has a maximum depth of about 16 m. Samples were collected in the center of the lake. Hall Lake, which was holomictic during this study, was previously meromictic; it is described in more detail by Culver [5] . Meromixis was reestablished during 1975-1978 [6] . Lake Washington is a monomictic lake with a maximum depth of 65 m. Samples were collected at W.T. Edmondson's Madison Park sampling station, south of the Evergreen Point floating bridge. Lake Washington has been the site of extensive limnological investigations [7] .
Sample processing
Samples were collected from April 1972 to March 1973, using a clean Van Dorn bottle that was rinsed with 70% ethanol before sampling. Samples were collected fortnightly from several depths of the water column depending upon the date and lake being investigated. Samples for viable enumeration were transferred to sterile test tubes which were placed on ice until they were returned to the laboratory for processing. MPN techniques using a dilute (0.01%) Bacto Peptone medium (Difco, Detroit, MI) were used to enumerate caulobacters [4] . Five replicates of each dilution were inoculated using 10-fold dilutions of the sample. Tubes were incubated at room temperature and examined by phase microscopy for caulobacters 2 4 weeks after collection. Total viable numbers were determined by visually assessing turbidity in the tubes 1-2 weeks after inoculation.
Oxygen was determined by the method of Montgomery et al. [8] as particulate ferric iron concentrations in Hall Lake were sufficiently high to cause interference with the Winkler procedure [9] . Temperatures were determined with a Precision Scientific Company (Chicago, IL) galvanic cell oxygen analyzer (Cat. No. 68850) with thermistor probe.
RESULTS
Caulobacter was the predominant genus of prosthecate bacteria found in these two lakes during the course of this investigation. Though attempts were made to enumerate other prosthecate bacteria, the low numbers encountered made seasonal studies of these rarer groups more difficult. Thus, only the data for the genus Caulobacter are reported here.
Distribution of Caulobacter spp. in Lake Washington
The highest concentrations of Caulobacter spp. were encountered in late spring and early summer when they exceeded 1000 viable cells per ml (Fig.  1 ). Numbers were highest in the epilimnetic waters during this period and gradually declined in the thermocline, reaching their lowest concentrations in the hypolimnion. Nonetheless, significant numbers were found even in the hypolimnion during the spring and early autumn.
The Caulobacter populations represented a significant portion of the total viable heterotrophic community during the spring and early summer. For example, the data for July 5 (1972) illustrate that the proportion of this genus approached 100% of the total cultivable heterotrophs at certain depths in the water column. They were particularly abundant in the surface waters.
Caulobacter spp. declined markedly from these early summer high concentrations to low concentrations in mid-August and even lower in September and October. Thus, on October 24, when their populations reached their lowest levels, there were less than 2 per ml at all depths recorded. Although concentrations of total viable heterotrophic bacteria also declined during this interval, their decrease was markedly less dramatic than that of Caulobacter spp. (Table 1 ). The low con- 
Distribution of Caulobacter spp. in Hall Lake
The concentrations of viable Caulobacter spp. in Hall Lake were comparable to those of Lake Washington (Fig. 2) . Thus, the highs exceeded 1000 cells per ml during the spring at many of the depths. As in Lake Washington the low concentrations occurred in late August and a minimum of fewer than 3 per ml were present at all depths in late September. The numbers fluctuated in October and early November reaching another low in late November before increasing in late December and January. On February 15 the concentrations ranged from 220 per ml to over 1000 per ml.
During the period when Caulobacter spp. were most numerous in the lake (28 March 1972 to 22 June 1972), the highest concentrations were found in the thermocline and upper hypolimnion (Figs. 2  and 3 ). Caulobacters were also found at the lowest depths which became anaerobic during the summer months (Table 2) . Because the enrichment cultures were routinely incubated aerobically, it could not be determined whether these strains were capable of growth in the anaerobic zone. Thus, on a subsequent occasion an anaerobic sample was serially diluted and the tubes were incubated both aerobi- CQulobacter spp per ml cally and anaerobically using a BBL Gas Pak container. Growth of caulobacters was noted only in the aerobically incubated series (data not shown).
DISCUSSION
MPN enumeration procedures provide estimates of the total viable populations of Caulobacter spp. of lakes. This investigation indicates that this procedure can be used to study the seasonal pattern for this genus. Furthermore, it is clear from this study that more detailed examinations of individual species of Caulobacter are possible in lakes such as Lake Washington because some species occur in very high concentrations during their spring and summer maxima. For example, some of the predominant caulobacters from Lake Washington grow readily on plates and can be distinguished by their colony type and yellow to orange pigmentation [10, 11] . Thus, it should now be possible to assess the seasonal distribution of individual Caulobacter species using appropriate field work in combination with laboratory studies. Such studies could provide information on the factors that control the seasonal and spatial distribution of these bacteria.
The seasonal distribution of Caulobacter spp. was comparable in both lakes studied in this investigation. The maximum viable numbers of these organisms occurred during the spring and early summer periods followed by declines in late summer and fall. This seasonal pattern is typical of the acridine orange total count of bacteria of many lakes that have been studied, including Lake Washington [10, 12] . This pattern is most likely related to the seasonal occurrence of algal blooms, which provide excreted organic nutrients for planktonic heterotrophic bacteria.
The collapse of the Caulobacter populations in late summer and fall is more difficult to explain. One possibility is that the reduction of phytoplankton-excreted nutrients in late summer might result in starvation of these organisms. Perhaps they are unable to persist for long periods when nutrients are unavailable for growth. However, since Lake Washington typically has a fall algal bloom which is not accompanied by increased Caulobacter concentrations, this may be only part of the explanation. Another possibility is predation. Caulobacter phages may become important when the populations reach their maxima and may account for the rapid decline in numbers. Likewise, protozoa and higher zooplankton may be important grazers of these bacteria.
One of the most interesting results of this seasonal study was the finding that the numbers of these bacteria increased following fall turnover of the lakes. For example, in Lake Washington, the summer and fall collapse of Caulobacter spp. preceded fall turnover, and was followed by a gradual increase in their numbers prior to the spring algal bloom. The pattern in Hall Lake was similar, i.e., the turnover in mid-to late December of 1972 was also associated with an increase in Caulobacter numbers from December until February of the following year. One possible explanation for these data is that the caulobacters were able to grow because of an increase in organic compounds and other nutrients that were circulated during the mixing period. Alternatively, it is possible that downward mixing brought caulobacters back into the water column from the sediments where they were deposited in high concentrations along with the detritus and dying phytoplankton cells to which they attach.
Although the seasonal distribution patterns for the two lakes were similar, the vertical distribution patterns were not. The highest populations of caulobacters occurred in the epilimnion of Lake Washington, whereas they were found primarily in the metalimnion and upper hypolimnion of Hall Lake. These data suggest that there may be a direct relationship between algal biomass and caulobacter concentrations. For example, Hall Lake phytoplankton blooms, as determined by chlorophyll a concentrations, are frequently metalimnetic [5] . In contrast, chlorophyll a concentrations in Lake Washington are highest in the epilimnion (W.T. Edmondson, personal communication). These data suggest that Caulobacter spp. might be using nutrients excreted by the algae. Furthermore, their abundance in the hypolimnion could be explained by their attachment to dying phytoplankton cells that are undergoing decomposition while they descend below the euphotic zone. Further studies should be conducted to test these possibilities.
Another difference between Hall Lake and Lake Washington is that the former develops an anaerobic hypolimnion. Although caulobacters are known to be obligately aerobic bacteria [13] , they were found in significant numbers in the anaerobic zone during summer stratification. Since the MPN cultures were incubated aerobically, it was not known whether these were a new, unknown, group of facultative anaerobic caulobacters. To assess this, duplicate enrichment cultures from the anaerobic zone were collected and incubated both aerobically and anaerobically. The caulobacters were found only in tubes incubated aerobically, indicating their inability to grow under the anaerobic conditions employed in this study. These results suggest that Caulobacter spp. had settled into the anaerobic hypolimnion from the aerobic surface water, which was favorable for growth. This is not surprising, in that Caulobacter spp. are frequently found attached to detritus particles and dead planktonic microorganisms and could rapidly be carried to the bottom. Indeed, this may also serve as an important mechanism for reinoculation of holomictic lakes prior to summer stratification.
Nutritional studies of Caulobacter spp. indicate that, as a group, they can utilize many types of low-molecular-weight organic carbon sources, including sugars, organic acids, amino acids, and sugar alcohols [14] . Thus, they are similar in carbon source utilization patterns and versatility to the genus Pseudomonas, and therefore appear to occupy a similar niche. Indeed, Caulobacter spp. may be better adapted to oligotrophic aquatic environments than Pseudomonas spp. because of their growth habit. Their prosthecae provide increased surface area for nutrient uptake and flotation [13] [14] [15] [16] , and their holdfasts enable them to attach to organic-laden detritus particles, dying or dead phytoplankton and zooplankton, or the surfaces of submerged aquatic vegetation [17] . Their motile swarmer stage permits ready dispersal from environments unfavorable for growth. For these reasons, caulobacters have been regarded by some as ideal examples of facultative oligotrophs [18] , well suited for growth in natural aquatic environments in which organic substrates occur in low concentrations. The results of this investigation are consistent with that hypothesis. Furthermore, since Caulobacter spp. can be readily cultivated, strains from the environment can be studied in the laboratory as well as in the field. Because they are morphologically distinctive, microautoradiography can also be used to stud~y their in situ metabolism. Thus, in many respects Caulobacter spp. appear to be ideal bacteria witl~ which to study oligotrophic mineralizatiov processes in the habitat in greater detail. Now thai the overall seasonal patterns are known for mesotrophic, temperate zone lakes, it should be possible to construct further experiments to examine more closely those periods of the year when dramatic changes in abundance occur, with the hope of assessing those factors responsible for the seasonal rise and collapse of their populations.
